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Amyotrophic lateral sclerosis ( ALS) is an incurable and fatal neurodegenerative disease characterized by the 
loss of motor neurons. Despite substantial research, the causes of ALS remain unclear. Glycoprotein 
nonmetastatic melanoma protein B (GPNMB) was identified as an ALS-related factor using DNA 
microarray analysis with mutant superoxide dismutase (SODl G93A ) mice. GPNMB was greatly induced in 
the spinal cords of ALS patients and a mouse model as the disease progressed. It was especially expressed in 
motor neurons and astrocytes. In an NSC34 cell line, glycosylation of GPNMB was inhibited by interaction 
with SODl G93A , increasing motor neuron vulnerability, whereas extracellular fragments of GPNMB secreted 
from activated astrocytes attenuated the neurotoxicity of SODl G93A in neural cells. Furthermore, GPNMB 
expression was substantial in the sera of sporadic ALS patients than that of other diseased patients. This 
study suggests that GPNMB can be a target for therapeutic intervention for suppressing motor neuron 
degeneration in ALS. 



Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig disease, is a devastating adult-onset neu- 
rodegenerative disease characterized by progressive muscular paralysis reflecting the degeneration of 
motor neurons and causing death within 3-5 years of diagnosis 1 . Approximately 10% of ALS cases are 
genetically inherited, whereas the remaining 90% have no clear genetic cause 2 . Several ALS-linked genes have 
been identified, including SOD1 (encoding superoxide dismutase 1), TARDBP (encoding TAR DNA binding 
protein-43), FUS/TLS (encoding TANA-binding protein FUS), and others 3 . Furthermore, new models based on 
these genes have been established during recent years, improving the understanding of ALS pathogenesis 3,4 . 
Despite enormous research efforts, however, a mechanistic understanding of the neurodegenerative disease 
processes in vivo is still largely lacking, and no effective treatments to halt the progression of ALS have yet been 
developed. 

Gene expression profiling studies using microarrays have been conducted on various tissues from rodent 
models for ALS 5 8 , cell cultures 9 , and postmortem ALS central nervous system tissues 1015 to identify new disease- 
relevant genes and targets for therapeutic intervention in ALS, and many novel genes involved in the disease 
pathogenesis have been identified. Furthermore, these studies have highlighted many key issues pertaining to 
microarray analysis in ALS, such as differences in (i) animal models and human cohorts, (ii) familial and sporadic 
ALS (SALS), (iii) tissue collection points at the presymptomatic or symptomatic stages, and (iv) cell specificity. 
Consequently, the results of genome-wide screening have tended not to reflect the development of a scientific and 
rational approach for ALS treatment owing to poor reproducibility. Indeed, only —5% of the genome is overlap in 
the same direction in more than one study 16 . 

By microarray analysis, we identified glycoprotein nonmetastatic melanoma B (GPNMB) as a novel ALS- 
related factor from the spinal cords of mutant superoxide dismutase (SODl G93A ) mice. GPNMB is a type I 
transmembrane protein that is also known as Osteoactivin, Dendritic Cell-Heparin Integrin Ligand or 
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Hematopoietic Growth Factor Inducible Neurokinin- 1 type, and was 
initially cloned from poorly metastatic melanoma cells as a regulator 
of tumor growth 17 . GPNMB is crucial for the differentiation and 
functioning of osteoclasts 18 and osteoblasts 19 , the impairment T-cell 
activation 20 , the regulation of degeneration/regeneration of extracel- 
lular matrix in skeletal muscles 21 , the invasion and metastasis of sev- 
eral cancers, including uveal melanoma 22 , glioma 23-24 , breast cancer 25 , 
hepatocellular carcinoma 26 , and cutaneous melanoma 27 . Furthermore, 
it was recently reported that mutant GPNMB (GPNMBR150X) in the 
DBA/2J mice was involved in pigmentary glaucoma 28 , however there 
was no report about the involvement of GPNMB in neurodegenerative 
disorders, including ALS. 

Herein we describe the investigation of new pathogenic factors for 
ALS and attempt to use an inclusive approach to promote trans- 
lational research in ALS to overcome the current challenges of micro- 
array analysis. First, we identified GPNMB as a novel ALS-related 
factor. Second, we showed the expression and intracellular local- 
ization of GPNMB in the spinal cords of the mice. Importantly, 
the phenotypes of GPNMB differed between motor neurons and 
astrocytes expressing SODl G93A : the former suppressed GPNMB gly- 
cosylation, resulting in vulnerability, whereas the latter increased 
GPNMB expression and promoted secretion. Moreover, high 
GPNMB protein levels were observed in the cerebrospinal fluid 
(CSF), sera, and spinal cords of human patients with ALS. These 
results provided evidence that GPNMB contributes very broadly to 
ALS and perhaps to other related neurodegenerative disorders, mak- 
ing it an important therapeutic target for ALS. 

Results 

Identification of candidate genes involved in ALS pathogenesis. 

We initially performed a microarray analysis to identify genes dif- 
ferentially expressed in the spinal cords of 14-week-old SODl G93A 
and wild type (WT) mice using the Agilent feature extraction soft- 
ware version 10.5.1.1. More than 26,000 genes from 41,000 gene 
probes on the array were detected in each sample, and a repre- 
sentative scatter plot comparison of gene expression with DNA 
microarray between SODl G93A and WT mice is shown in Fig. SI. 
These analyses identified 1,130 genes (up: 934 genes; down: 196 
genes) with more than 2-fold changed expression in SODl G93A 
mice. The upregulated genes are shown in Table SI, and down- 
regulated genes in Table S2. We focused on the GPNMB gene, 
which showed the most dramatic change, as a candidate gene. The 
GPNMB messenger RNA upregulation (P = 0.0023) in the spinal 
cords of S0D1 G93A mice was confirmed using real-time reverse 
transcriptase-polymerase chain reaction (Fig. la). 

To understand better the stage at which GPNMB upregulation 
occurs, we further investigated GPNMB expression in the spinal 
cords of SODl G93A mice. In immunohistochemical analyses, GPN- 
MB immunoreactivity was significantly increased in 10-week-old 
(presymptomatic stage; P = 0.00059, Student's f-test) SODl G93A mice 
and further enhanced during disease progression (Fig. lb and c). 
Only a faint signal was detected in WT mice (see Fig. lb and c). 

Recently, the extracellular domain of GPNMB has been reported 
to be proteolytically cleaved by matrix metalloproteinases (MMPs), 
e.g., a disintegrin and metalloproteinase (ADAM) 10 and ADAM12; 
this process described as ectodomain shedding 29,30 . The study on ALS 
by Liu et al. has reported that mutant SOD1 expression in microglia 
enhanced the secretion of the neurotoxic cytokine tumor necrosis 
factor a via ADAM10 or ADAM17 activation 31 . Given these obser- 
vations, we hypothesized that the ectodomain shedding of GPNMB 
might facilitate ALS pathogenesis. Practically, GPNMB extracellular 
fragments with molecular mass of 90 kDa were detected in 14-week- 
old (onset) SODl G93A mice and were further enhanced during disease 
progression (Fig. Id), and glycosylated GPNMB with a molecular 
mass of approximately 100 kDa was dramatically upregulated in 20- 
week-old (end-stage) SODl G93A mice (see Fig. Id). We also identified 



two small C-terminal fragments with molecular weights of approxi- 
mately 25 and 15 kDa (see Fig. Id). Furthermore, we performed 
double immunofluorescent staining to confirm the localization of 
GPNMB in the spinal cords (Fig. le and f). GPNMB colocalized with 
NeuN-positive motor neurons and glial fibrillary acidic protein 
(GFAP)-positive astrocytes but not with ionized calcium binding 
adaptor molecule 1 (Iba-l)-positive microglia in the spinal cord gray 
(E) or white matter (F) of 14-week-old SODl G93A mice. Conversely, 
in WT mice, GPNMB-immunoreactive signals colocalized with 
NeuN-positive motor neurons but not with GFAP- or Iba-1 -positive 
glial cells (see Fig. le and f). 

Downregulation of GPNMB increased the motor neuron vulner- 
ability. To investigate the role of GPNMB in each cell (i.e., motor 
neuron or astrocytes), we first examined whether GPNMB expression 
was altered by SODl G93A in NSC34 cells. The expression of S0D1 G93A 
was detectable within 48 h of transfection (Fig. 2a). Protein levels of 
glycosylated GPNMB were significantiy decreased (P = 0.016) in the 
SODl G93A -expressing NSC34 cells but not in WT SOD1 (SODl wt ) for 
48 h (see Fig. 2a and b). The glycosylated GPNMB was specifically 
down-regulated in the SODl G93A -expressing NSC34 cells, conver- 
sely increased by SODl H46R (see Fig. S2). On the other hand, non- 
glycosylated GPNMB and GPNMB messenger RNA levels were 
unchanged by S0D1 G93A in NSC34 cells, indicating that the post- 
translational modification of GPNMB was influenced by SODl G93A 
(see Fig. 2a and c, Fig. S3). 

Mutant SOD1, but not SODl wl , is known to interact with several 
proteins — e.g., translocon- associated protein, heat shock protein 25, 
heat shock protein/heat shock cognate 70, and degradation in endo- 
plasmic reticulum protein l 32 3S . In the present study, SODl G93A in 
NSC34 cells coimmunoprecipitated with GPNMB and clearly 
increased the amount of ubiquitinated GPNMB (Fig. 2d). The 
ubiquitin-proteasome system degrades cytosolic aggregated mis- 
folded proteins and, when dysfunctional, contributes to endoplasmic 
reticulum stress 36 . In enhanced green fluorescent protein-tagged 
mock or SOD 1 ""-expressing cells, GPNMB is mainly localized to the 
cytoplasm; however, the intracellular aggregates of ubiquitinated 
GPNMB were observed in the cytoplasm of SODl G93A -expressing 
NSC34 cells (Fig. 2e). These findings suggest that the polyubiquiti- 
nated GPNMB may be degraded by the proteasome before the down- 
regulation of glycosylated GPNMB. 

We next assessed the involvement of GPNMB in S0D1 G93A - 
induced neurotoxicity using small interfering RNA (siRNA) against 
GPNMB. GPNMB siRNA #2 effectively suppressed protein levels of 
GPNMB in both SOD1" 1 and SODl G93A -expressing NSC34 cells (Fig. 
S4). We examined whether reducing GPNMB affected S0D1 G93A - 
induced neurotoxicity using WST-8 assays and combination staining 
with fluorescent dyes — i.e., Hoechst 33342 and propidium iodide. 
Compared with negative control siRNA, GPNMB siRNA aggravated 
S0D1 G93A or serum-deprivation- induced cell death and the down- 
regulation of cell proliferative activity (Fig. 2f and g, Fig. S5), indi- 
cating that endogenous GPNMB protects motor neurons from 
SODl G93A -induced neurotoxicity. Interestingly, in the presence of 
SOD1™ 1 , cell viability was significantly decreased by GPNMB deple- 
tion compared with that in the control siRNA (see Fig. 2g). These 
results also suggest that GPNMB plays a critical role in maintaining 
homeostasis in motor neurons. 

Extracellular fragments of GPNMB attenuated the neurotoxicity 

of SODl G93A . As shown in Fig. 2c, we detected extracellular frag- 
ments of GPNMB in the spinal cords of SODl G93A mice; therefore, we 
investigated whether treatment with recombinant extracellular 
GPNMB affects SODl G93A -induced motor neuron damage. Recom- 
binant GPNMB at 0.025-2.5 ug/mL suppressed SODl G93A -induced 
cell death in a concentration-dependent manner, with significant 
effects observed at 0.25 and 2.5 ug/mL (see Fig. 3a). We considered 
the mechanism through which GPNMB protects NSC34 cells from 
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SODl G93A -induced cell death. Previous work has demonstrated that 
treatment with a recombinant fragment of GPNMB increases 
extracellular signal-regulated kinase 1 and 2 (ERK1/2) signaling in 
fibroblasts, resulting in the upregulation of MMP3 29 . As expected, 
recombinant GPNMB markedly increased ERK1/2 phosphorylation 



at 5-60 min (peak at approximately 30 min), and the phospho- 
rylation levels of protein kinase B (Akt) in a time-dependent man- 
ner after treatment with 2.5 ug/mL extracellular GPNMB fragments 
(see Fig. 3b, Fig. S6). Furthermore, the protective effect of GPNMB 
was attenuated by treatment with a phosphatidylinositol 3 kinase 
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Figure 1 | A progressive increase of glycoprotein nonmetastatic melanoma protein B (GPNMB) in the lumber spinal cords of mutant superoxide 
dismutase (SODl G93A ) mice, (a) Quantitative real-time polymerase chain reaction reveals that GPNMB messenger RNA expression is enriched in the 
lumber spinal cords of 14-week-old SODl G,,3A (G93A) mice. Values are mean ± SEM (n = 4). **P < 0.01 versus wild-type (WT) mice (Student's t-test). 
UM, upper marker; LM, lower marker, (b) Time-dependent increase in GPNMB in the lumber spinal cords of S0D1 G93A mice. Scale bar = 50 (j.m. 
(c) Quantification of the density of GPNMB immunoreactivity in the lumber spinal cords of WT and SOD 1 G93A mice. Values are mean ± SEM (n = 3 to 
5). **P < 0.01 versus WT mice (Student's f-test). **P < 0.01 versus 6-week-old SODl G ' 3A mice (Dunnett's test), (d) Cleavage and up-regulation of 
GPNMB during disease progression in SODl G ' 3A mice determined using immunoblot analysis, (e, f) Enhanced GPNMB immunoreactivity in NeuN- 
positive motor neurons and glial fibrillary acidic protein-positive astrocytes, but not in ionized calcium binding adaptor molecule 1 -positive microglia in 
the spinal cord gray (e) or white (f) matter of 14-week-old SODl G93A mice. Scale bar = 50 urn. 
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Figure 2 | Downregulation of glycosylated GPNMB through interaction with SODl G93A , leading to motor neuron death, (a-c) NSC34 motor neuron 
cells were lysed after transfection with Myc-tagged WT SOD1 (SODl WI ) or SODl G93A for 48 h. (a) Expression of GPNMB was examined using 
immunoblotting. The protein expression levels of glycosylated (b), but not non-glycosylated (c), GPNMB were decreased in the SODl G93A -expressing 
cells. Values are mean ± SEM (n = 3 or 4). *P< 0.05 versus SODl wt (Student's t-test). (d) Lysates fromNSC34 cells transfected with Myc-tagged SODl wt 
or SODl G93A for 48 h were immunoprecipitated with an antibody to GPNMB (IP: GPNMB) and analyzed using immunoblotting with antibodies to 
ubiquitin, GPNMB, and Myc. (e) Laser scanning confocal photomicrographs of NSC34 cells showing the expression of GPNMB (green), ubiquitin (red), 
and Hoechst 33342 (blue). In the SODl G ' 3A -expressing cells, the aggregates of GPNMB in cytoplasm are partly colocalized with ubiquitin (arrowheads). 
Scale bar = 5 u.m. (f, g) NSC34 cells were cotransfected with small interfering RNA (siRNA) against GPNMB or a nonspecific sequence (negative control) 
and enhanced green fluorescent protein-tagged mock, SOD1"', or SODl G93A for 48 h. Representative fluorescence microscopy showing nuclear staining 
for Hoechst 33342 (blue) and propidium iodide (red) (f). FBS, fetal bovine serum. The cell viability was reduced 48 h after the cotransfection of small 
interfering RNA and SODl G93A (g). Values are mean ± SEM (n = 6).*P< 0.05 versus mock (Student's f-test). **P < 0.01 versus each negative control 
(Tukey's test). Scale bar = 100 u.m. 
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Figure 3 | The extracellular fragments of GPNMB attenuated the neurotoxicity of SODl G93A . (a) The recombinant extracellular fragment of GPNMB at 
0.25-2.5 ug/mL demonstrated a protective effect against SODl G, " A -induced cell death. Values are mean ± SEM (n = 3 to 6). *P < 0.05 versus control 
(Student's f-test). *P < 0.05, **P < 0.01 versus vehicle (Dunnett's test). Scale bar = 100 urn. (b) Time course of changes in phosphorylated ERK1/2 and 
phosphorylated Akt level after recombinant GPNMB treatment, (c, d) The protective effect of GPNMB against SODl G93A -induced cell death was 
eliminated by LY294002, a PI3-kinase inhibitor, at 20 uM or by U0126, a MEK1/2 inhibitor, at 5 uM. Values are mean ± SEM (n = 6). "P< 0.01 versus 
control (Student's f-test), **P < 0.01 versus SODl G93A alone or SODl G,3A treated with GPNMB (Turkey's test). Scale bar = 100 urn. (e) Quantitative 
analysis of GPNMB in the conditioned media (CM) was performed using enzyme-linked immunosorbent assay. Values are mean ± SEM ( n = 5). **P < 
0.01 versus mock, **P < 0.01 vs. SODl wt (Tukey's test), (f) Expressions of GPNMB, MMP3, MMP9, and GFAP in NHA transfected with Myc-tagged 
SOD 1 wt or SODl G93A were examined using immunoblotting. (g) CM from NHA transfected with SOD 1 G93A were immunoprecipitated with an antibody to 
GPNMB (IP: GPNMB) or control nonimmune antibody (IP: C) and added to NSC34 cells. Values are mean ± SEM (n = 5). *P< 0.01 versus astrocyte 
basal medium, **P < 0.01 versus IP: C (Student's f-test). Scale bar = 100 (un. 
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(PI3K) inhibitor (LY294002; 30 liM) or a mitogen-activated protein 
kinase kinase (MEK) 1/2 inhibitor (U0126; 10 uM; Fig. 3c and d). 
These data suggest that GPNMB enhances survival signals such as 
the PI3K/Akt and MEK/ERK pathways, protecting cells from 
neuronal degeneration. 

These in vitro studies using NSC34 cells highlighted a potential 
role of GPNMB in motor neuron death. We found in vivo-in vitro 
discrepancy in the expression of GPNMB — i.e., the former was 
increased, whereas the latter was decreased. This discrepancy may 
be attributed to the use of only NSC34 cells in the in vitro study. 
Therefore, we next focused on astrocytes, which, like motor neurons, 
expressed GPNMB in the spinal cords of S0D1 G93A mice (see Fig. le). 
Normal human astrocytes (NHAs) were cultured for 5 days after 
transfection with Myc-tagged mock, SODl wl , or S0D1 G93A , and the 
conditioned media (CM) and corresponding cell layers were ana- 
lyzed for GPNMB expression. Enzyme-linked immunosorbent assay 
revealed that GPNMB was secreted into the CM of the SODl G93A - 
expressing NHA but not into the mock or SODl" 1 NHAs (Fig. 3e). 
Accompanying the secretion of GPNMB, the activation of MMP3 
and increase in MMP9 occurred in the SODl G93A -expressing NHA 
(Fig. 3f, Fig. S7), similar to the results of previous studies that used 
mouse fibroblastic NIH-3T3 cells 21 . Because astrocytes carrying the 
SODl G93A mutation have been shown specifically to induce motor 
neuron death 37 ~ 39 , we next investigated whether the existence of 
GPNMB in the CM regulates cell damage from the neurotoxicity 
of the SODl G93A by eliminating GPNMB in the CM. After treatment 
to remove GPNMB from the CM, the number of propidium iodide- 
positive NSC34 cells was significantly higher than that after immu- 
noprecipitation using normal immunoglobulin G (P = 0.000023) 
and astrocyte basal medium (P = 0.000013) (Fig. 3g). These findings 
helped to explain the in vitro/in vivo discrepancy and suggested that 
GPNMB secretion from S0D1 G93A expression in astrocytes may con- 
fer a protective effect against motor neuron death. 

GPNMB improved ALS pathogenesis in SODl G93A mice. To 

determine the effects of GPNMB in ALS symptoms, we gene- 
rated S0D1 G93A /GPNMB double-transgenic (G93A/GPNMB) mice 
(Fig. 4a). V5-tagged GPNMB protein was detected in the spinal 
cords of these mice through immunoblot analysis (Fig. 4b). Disease 
onset was determined by the loss of motor function, which was 
measured using a rotarod test. The overexpression of GPNMB 
prolonged the decline of latency to fall off the rod (Fig. 4c) and 
disease onset (P = 0.0010; Fig. 4d and f). Conversely, no significant 
difference was found in body weight between the SODl G93A (G93A/-) 
and G93A/GPNMB mice (Fig. S8). The mean disease duration (from 
onset to end stage) did not slow in the G93A/GPNMB mice 
compared to that in the G93A/- mice, however (Fig. 4g). Overall 
survival was extended by 8.2% (P = 0.022; G93A/GPNMB, 128.9 
± 2.0 days; G93A/-, 119.1 ± 2.4 days; Fig. 4e). Furthermore, we 
evaluated the effect of GPNMB overexpression on motor neuron 
protection in the spinal cords of G93A/GPNMB mice at 15 weeks 
old. The number of surviving motor neurons in G93A/GPNMB mice 
was significantly increased compared with that in the G93A/- mice 
(Fig. 4h). On the other hand, there was no significant alteration in the 
glial activation between G93A/- and G93A/GPNMB mice (Fig. S9). 
These data indicate that GPNMB significantly extended survival by 
delaying disease onset. 

GPNMB expression in the sporadic ALS patients. To investigate 
the involvement of GPNMB in SALS pathogenesis, we measured 
GPNMB in the CSF and sera of SALS patients. Quantitative enzyme- 
linked immunosorbent assay revealed that GPNMB protein levels 
in the CSF of SALS patients were significantly increased by 1.7-fold 
(P = 0.0041 vs. those of non-neurological disease controls; Fig. 5a). 
Furthermore, the expression of GPNMB in the sera of SALS patients 
was significantly higher: 1.5-fold (P < 0.01) that in non-neurological 
disease controls, and 1.3-fold that in Alzheimer disease (P < 0.01) 



and Parkinson disease (P < 0.01; Fig. 5b). We next performed 
immunohistochemistry to confirm the distribution of GPNMB in 
human spinal cord tissues. In the lumbar anterior horns of SALS 
patients and controls, GPNMB immunoreactive signals mainly 
localized within motor neurons (Fig. 5c). GPNMB is known to 
have 60% homology to the precursor of Pmel-17/gpl00, a 
melanocyte-specific protein 17-40 . Pmel-17 is a pigment-cell-specific 
integral membrane protein that participates in the formation of 
melanosome-like fibrils with features of amyloid 41,42 . Interestingly, 
GPNMB is deposited extracellularly in the lumber spinal cords of 
SALS patients (see Fig. 5c, arrows). These results suggest that the 
extracellular fragments of GPNMB are partly secreted into the 
bloodstream and CSF, and others form the deposits of GPNMB 
plaques in ALS pathogenesis. 

Discussion 

Given that the causes of ALS remain unclear despite substantial 
research, determining the original disease-related factors is import- 
ant. In the present study, we identified GPNMB as a potential effector 
of neurodegeneration in an ALS mouse model. Our results suggested 
that glycosylated GPNMB in NSC34 cells was reduced by polyubi- 
quitination, increasing cell vulnerability, and that GPNMB was 
secreted extracellularly through ectodomain shedding from activated 
astrocytes to prevent motor neuron degeneration, as summarized in 
Fig. 6. The protective effect of GPNMB was mediated by the activa- 
tion of the PBK/Akt and MEK/ERK pathways. Similar to outcomes 
of in vitro studies, motor performance and survival time were 
improved by GPNMB overexpression in SODl G93A mice. Finally, 
we detected the expression of GPNMB in the CSF, sera, and spinal 
cords of human patients with ALS. These findings suggested that 
GPNMB could contribute to ALS pathogenesis. To our knowledge, 
this study is the first to report the association between GPNMB and 
neurodegenerative diseases represented by ALS. 

In the present study, we showed that the extracellular domain of 
GPNMB had protective effects against mutant SOD 1 -induced neu- 
rotoxicity via ERK1/2 and Akt pathways. Two previous reports have 
linked GPNMB to tumor cell apoptosis. GPNMB-dependent aug- 
mentation of tumor growth has been attributed to decreased apop- 
tosis and increased angiogenesis in GPNMB-expressing tumors 30 . 
Recently, Rose et al. 43 have also reported that treatment with CDX- 
011, a GPNMB-specific antibody, elevates apoptosis in GPNMB- 
expressing breast cancer cells. Furthermore, the recombinant frag- 
ment of GPNMB increases MMP3 expression through the ERK1/2 
pathway in fibroblasts 29 . These findings suggest that GPNMB may 
activate survival signals via the MEK/ERK and PBK/Akt pathways. 

From a therapeutic perspective, we propose that a successful treat- 
ment strategy for ALS will be found by characterizing the sheddases 
specific for GPNMB and by promoting ectodomain shedding as early 
as possible by activating these enzymes. Recently, non-neuronal cells 
such as astrocytes and microglia have been reported to contribute to 
the disease process of ALS, and as a consequence, motor neuron 
death in ALS is considered a "non-cell autonomous" process 44-46 . 
Our findings showed that GPNMB expression was increased in the 
motor neurons and astrocytes in the spinal cords of S0D1 G93A mice, 
and the activated astrocytes secreted GPNMB extracellularly. 
Astrocytes have many important functions relevant to motor neuron 
physiology, including the release of several neurotrophic factors to 
maintain neuronal health 47,48 . Glycosylation of GPNMB was in fact 
inhibited through interaction with SODl G93A , increasing motor neu- 
ron vulnerability. Furthermore, activated astrocytes secreted extra- 
cellular fragments of GPNMB, attenuating the neurotoxicity of 
S0D1 G93A in motor neurons (see Fig. 6). These results suggest that 
the ectodomain shedding of GPNMB may be performed to maintain 
surrounding cells, such as motor neurons. In our in vivo study, the 
overexpression of GPNMB in SODl G93A mice significantly extended 
survival by delaying disease onset; however, the effect was less than 
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Figure 4 | Regulation of amyotrophic lateral sclerosis (ALS) pathogenesis by GPNMB. (a) Non-transgenic (-/-), GPNMB (-/GPNMB), SODl GMA 
(G93A/-), and SODl G93A /GPNMB double-transgenic (G93A/GPNMB) mice at approximately 5 weeks old. (b) The protein expression levels ofV5-tagged 
GPNMB were increased in GPNMB-transgenic spinal cord tissues compared with those of the WT. (c) Motor performance assessed using the rotarod test 
for G93A/- and G93A/GPNMB mice. Values are mean ± SEM (n = 10). **P < 0.01 versus G93A/- mice (two-way repeated measure ANOVA). *P < 0.05, 
**P < 0.01 versus G93A/- mice (Student's f-test). (d) Age of disease onset for G93A/- (n = 10) and G93A/GPNMB [n = 10) mice. Disease onset was 
defined at the day when a mouse first dropped off the rotarod within 600 s. P < 0.01 using the log-rank test, (e) Survival curve for G93A/- ( n = 10) and 
G93A/GPNMB (n = 10) mice. P< 0.05 using the log-rank test, (f, g) Mean onset (f) and mean duration of disease progression (from onset to end stage; g) 
for G93A/- and G93A/GPNMB mice. Values are mean ± SEM (n = 10). **P < 0.01 versus G93A/- mice (Student's f-test). (h) Cresyl violet staining in the 
spinal cords of non-transgenic (-/-), SODl G * 3A (G93A/-), and SOD 1 G93A / GPNMB double-transgenic (G93A/GPNMB) mice at 15 weeks old. Values are 
mean ± SEM {n = 3-5). "P < 0.01 versus non-transgenic (-/-) mice, **P <0.01 versus SODl G93A (G93A/-) mice. Scale bar = 25 urn. 



SCIENTIFIC REPORTS | 2 : 573 | DOI: 1 0. 1 038/srep00573 



7 



www.nature.com/scientificreports 




3.0 i 



2.5 



E 2.0 



1.5 



K. 1.0 

O 

0.5 I 



0.0 1 




Control 



SALS 




Control 1 


Control 2 


Control 3 






V 


SALS 1 


SALS 2 


SALS 3 


■ ' 4 ■ % 


• •• ^ 


" • •/ 

% _ 



5- a 3 

Q) (U 
.2 T3 

ro CO „ 
"53 S 2 

or -z. 

Q_ 




Control 



SALS 



Figure 5 | Representation of GPNMB protein in cerebrospinal fluid (CSF), sera, and lumber spinal cord tissues of sporadic ALS (SALS) patients, (a, b) 

The amount of GPNMB secreted into CSF (a) or sera (b) in SALS patients was higher than that in controls and patients with Alzheimer disease and 
Parkinson disease. Values are mean ± SEM (n = 10 to 28). **P < 0.01 versus control (Mann-Whitney (7-test; CSF samples). **P < 0.01 versus controls 
and patients with Alzheimer and Parkinson diseases (Tukey's test; sera samples), (c) Representative photographs are shown for the lumber spinal cords in 
the control and SALS patients. Extracellular deposition of GPNMB is observed in the lumber spinal cords of SALS (arrows). Scale bar =100 (im. Values 
are mean ± SEM (n = 3). **P < 0.01 versus controls (Student's t-test). 



that expected. One of the reasons for this result was the difference in 
of time points between motor neuron degeneration and astrogliosis. 
Previously, we have shown that motor neuron loss is observed at the 
presymptomatic stage (10-week-old) in SODl G93A mice, whereas 
astrocytes are dramatically activated at the end stage 49 , a phenom- 
enon similar to GPNMB upregulation in the spinal cords of 
SODl G93A mice. These results suggest that promoting ectodomain 
shedding of GPNMB at an earlier stage is a key for ALS treatment. 
Thus, much stronger effects of GPNMB were expected in in vivo 
models. Further studies will be required to identify a GPNMB-spe- 
cific sheddase as well as GPNMB receptors in the central nervous 
system. 

In conclusion, we demonstrated that GPNMB inhibits motor neu- 
ron death and plays a critical role in motor neuron survival. 
Accordingly, GPNMB may be a potential new therapeutic target 
for ALS. 



Methods 

An expanded Methods section is available in the section of SUPPLEMENTARY 
MATERIAL. 

Expression plasmids, cell culture, and transfection. Human WT SOD1 (SODl™ 1 ), 
mutant SODl G93A , SODl G37R , SODl H46R , and SODl G85E cDNAs containing the entire 
coding region were transferred from Nagoya University Graduate School of 
Medicine 50 . NSC34 cells, a hybrid neuroblastoma x spinal cord cell line, were 
purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan), and maintained in Dulbecco's 



modified Eagle's medium containing with 10% fetal bovine serum (Valeant, Costa 
Mesa, CA, USA), 100 U/mL penicillin (Meiji Co., Ltd., Tokyo, Japan), and 100 ug/mL 
streptomycin (Meiji Co., Ltd.). Normal human astrocytes (NHAs) were maintained 
in Astrocyte Basal Medium (ABM; CC-3187; Lonza Group Ltd., Basel, Switzerland) 
supplemented with the growth medium (CC-4123; Lonza), according to the 
manufacturer's instructions. Transfections were performed using Lipofectamin 2000 
(Invitrogen, Carlsbad, CA, USA) according to manufacture's recommendations. 

siRNA knockdown of GPNMB. NSC34 cells were transfected with 100 nM of mouse 
GPNMB-specific RNAi oligo and control RNAi oligo (Nippon EGT Co., Ltd., 
Toyama, Japan) using Lipofectamine 2000 (Invitrogen) according to manufacturer's 
recommendations. Knockdown was analyzed by immunoblot (IB) with antibody to 
GPNMB. Sequences were as follows: 

#1, 5'-CCAUCUUGCUGUACAAAAAdTdT-3' (sense) and 
5 ' -UUUUUGUACAGCAAGAUGGdTdT-3 ' (antisense); 

#2, 5'-GCACGGGUUUCUAUAAACAdTdT-3' (sense) and 
5 ' -UGUUUAUAGAAACCCGUGCdTdT-3 ' (antisense); 

#3, 5'-GAAGCUUUUUGUUUGGAAAdTdT-3' (sense) and 
5'-UUUCCAAACAAAAAGCUUCdTdT-3' (antisense); and universal negative 
control small interfering RNA (siRNA). 

RNA isolation. Spinal cord biopsy specimens were cut into 0.5 cm cubes or smaller 
and stored in RNA later (Ambion, Austin, TX, USA) overnight at 4 ± 3°C, then 
stored at -80 'C until RNA extraction. Total RNA was extracted using TRIzol reagent 
(Invitrogen) according to the manufacturer's instructions. Total RNA was further 
purified using the Qiagen RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according 
to the manufacturer's instructions. In NSC34 cells, total RNA was isolated using 
NucleoSpin RNA II (Takara Bio Inc., Shiga, Japan). RNA quantity and quality were 
determined using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), an Agilent Bioanalyzer (Agilent Technologies, 
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according to the manufacturer's instructions. Images of the arrays were acquired 
using a microarray scanner G2565BA {Agilent Technologies) and image analysis was 
performed using Feature Extraction software version 9.5 (Agilent Technologies). 

Data analysis of microarray. Intensity values of each scanned feature were quantified 
using Agilent feature extraction software version 10.5.1.1, which performs 
background subtractions. We only used features which were flagged as no errors 
(present flags) and excluded features which were not positive, not significant, not 
uniform, not above background, saturated, and population outliers (marginal and 
absent flags). Normalization was performed using Agilent GeneSpring GX version 
10.0.1 and normalized by setting all measurements, 0.01 to 0.01, normalizing each 
chip to the 75 percentile of all measurements taken for that chip, and normalizing 
each gene to the median measurement for that gene across all chips. 
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Figure 6 | Hypothesized mechanisms for GPNMB regulation of motor 
neuron degeneration in ALS. In motor neurons, glycosylation of GPNMB 
is inhibited by the interaction with S0D1 G93A and GPNMB 
polyubiquitination. The downregulation of glycosylated GPNMB 
increases motor neuron vulnerability, ultimately triggering motor neuron 
death. Activated astrocytes secrete the extracellular fragments of GPNMB. 
The secretion of GPNMB is mediated by metalloproteinases such as a 
disintegrin and metalloproteinases and the fragments attenuate the 
neurotoxicity of SODl Gy3A in motor neurons. Promoting the release of 
GPNMB extracellular fragments may rescue the motor neurons. 



Palo Alto, CA, USA), or NanoVue Plus (GE Healthcare Japan, Tokyo, Japan), as 
recommended. 

cRNA amplification and labeling. Total RNA from spinal cords was amplified and 
labeled with Cyanine 3 (Cy3) using Agilent Quick Amp Labeling kit, one-color 
(Agilent Technologies) following the manufacturer's instructions. Briefly, 500 ng of 
total RNA was reversed transcribed to double-strand cDNA using a poly dT-T7 
promoter primer. Primer, template RNA and quality- control transcripts of known 
concentration and quality were first denatured at 65 J C for 10 min and incubated for 
2 h at 40°C with 5X first strand Buffer, 0.1 M DTT, 10 mM dNTP mix, MMLV RT, 
and RNase-out. The MMLV RT enzyme was inactivated at 65 C for 15 min. cDNA 
products were then used as templates for in vitro transcription to generate fluorescent 
cRNA. cDNA products were mixed with a transcription master mix in the presence of 
T7 RNA polymerase and Cy3 labeled-CTP and incubated at 40 "C for 2 h. Labeled 
cRNAs were purified using QIAGEN's RNeasy mini spin columns and eluted in 30 uL 
of nuclease-free water. After amplification and labeling, cRNA quantity and cyanine 
incorporation were determined using a Nanodrop ND-1000 spectrophotometer and 
an agilent bio analyzer. 

Microarray analysis. Total RNA was amplified and labeled with 1.65 jig of Cy3 for 
the test sample using Agilent's Low RNA Input Linear Amplification Kit (Agilent 
Technologies, Palo Alto, CA, USA) following the detailed protocol described in the kit 
manual (version 5.7). Briefly, 500 ng of total RNA was reversed transcribed to 
doublestrand, cDNA using a poly dT-T7 promoter primer. Primer, template RNA 
and quality-control transcripts of known concentration and quality were first 
denatured at 65°C for 10 min and incubated for 2 h at 40 "C with 5x first strand 
Buffer, 0.1 M DTT, 10 mM dNTP, MMLV RT, and RNase-out. The MMLVRT 
enzyme was inactivated at 70°C for 15 min. cDNA products were then used as 
templates for in vitro transcription to generate fluorescent cRNA. cDNA products 
were mixed with a transcription master mix in the presence of T7 RNA polymerase 
and Cy3 labeled-CTP and incubated at 40 C C for 2 h. Labeled cRNAs were purified 
using Qiagen's RNeasy mini spin columns and eluted in 30 mL of nuclease-free water. 
After amplification and labeling, cRNA quantity and cyanine incorporation were 
determined using a NanoDrop ND. Microarray expression experiments were 
performed on Agilent Mouse GE 4x44K vl Microarray (Design ID: 014868) 



Real-time PCR. Single -stranded cDNA was synthesized using a PrimeScript RT 

Master Mix (Takara). Species -specific primer set designed to detect mouse GPNMB 

mRNA was 5'-TCTGAACCGAGCCCTGACATC-3' (sense) and 

5' -AGCAGTAGCGGCCATGTGAAG-3 ' (antisense). Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA was used as a loading control employing 

5 ' -TGTGTCCGTCGTGGATCTGA- 3 ' (sense) and 

5 ' -TTGCTGTTGAAGTCGCAGGAG-3 ' (antisense). Relative quantitative real-time 
PCR was performed using the Thermal Cycler Dice Real Time System TP800 with 
SYBR Premix Ex Taq™ II (Takara), according to manufacture's recommendations. 
The thermal cycler conditions were as follows: 5 sec at 95°C and then 30 sec at 60 C, 
followed by two-step PCR for 60 cycles consisting of 95 C for 15 sec followed by 60 C 
for 1 min. For each PCR, we obtained the slope value, R2 value, and linear range of a 
standard curve of serial dilutions. The results were expressed relative to the GAPDH 
internal control. 

Immunoprecipitation. NSC34 cells and NHA were transfected with Myc-tagged 
Mock, SODl 1 " 1 , or S0D1 G93A for 48 h or 5 days, respectively. GPNMB was 
immunoprecipitated from NSC-34 cell lysates or conditioned media (CM) clutured 
NHA using Pierce Classic IP kit (Thermo), according to manufacture's 
recommendations. The cell lysates or CM were incubated with anti-GPNMB 
antibody (S-24; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or normal rabbit 
IgG (PeproTech Inc. Rocky Hill, NJ, USA). For immunoblotting, immunoprecipitates 
were released by incubation in 8% (w/v) sodium dodecyl sulfate (SDS) sample buffer 
solution (Wako Pure Chemicals, Osaka, Japan). 

Immunoblot analysis. Cells, spinal cord tissues, and serum proteins were lysed using 
a buffer (RIPA buffer R0278; Sigma- Aldrich, St. Louis, MO, USA) with protease 
(P8340; Sigma- Aldrich) and phosphatase inhibitor cocktails (P2850 and P5726; 
Sigma- Aldrich). The protein concentration was measured by comparison with a 
known concentration of bovine serum albumin using a BCA Protein Assay kit 
(Thermo). Equal amounts of protein in sample buffer with 10% 2-mercaptoethanol 
was subjected to SDS-polyacrylamide gels (PAGE) using 5-20% gradient gels 
(SuperSep Ace; Wako), and the separated proteins were transferred onto a 
polyvinylidene difluoride membrane (Immobilon-P; Millipore Corporation, 
Bedford, MA, USA). After blocking with Blocking One-P (Nacalai Tesque, Kyoto, 
Japan), membranes were incubated with the primary antibodies as follows: goat anti- 
GPNMB (AF2330; R&D Systems Inc., Minneapolis, MN, USA), mouse anti-ubiquitin 
(Cell Signaling Technology, Danvers, MA, USA), rabbit anti- extracellular signal- 
regulated kinase 1 and 2 (ERK1/2) (Cell Signaling), rabbit anti-p-ERKl/2 (Cell 
Signaling), rabbit anti-protein kinase B (Akt) (Cell Signaling), rabbit anti-p-Akt (Cell 
Signaling), rabbit anti- matrix metalloproteinase (MMP) 3 (Sigma -Aldrich), rabbit 
anti-MMP9 (Millipore), mouse anti-glial fibrillary acidic protein (GFAP) (Millipore), 
mouse anti-V5 antibody (Invitrogen), mouse anti-Myc-Tag (Cell Signaling), and 
mouse anti-(3-actin (Sigma- Aldrich). The band intensities were measured using an 
ImmunoStar LD (Wako). 

Cell death assay. NSC34 cells were seeded at 7 X 10 3 cells per well into a collagen- 
coated 96-well plate and then incubated at 37°C in a humidified atmosphere of 95% 
air and 5% C0 2 . Twenty four hours after plating cells were transfected with plasmids 
coding for the various proteins, which were enhanced green fluorescent protein 
(GFP)-tagged Mock, SOD1™ 1 , or SODl G93A , and in some cases, replaced with the 
serum-free media for 24 h. In case of GPNMB knockdown, the cells were transfected 
them simultaneously with the plasmid coding for the various proteins. In case of using 
the recombinant GPNMB (2550-AC; R&D Systems), we treated the recombinant 
proteins just after replaceing with the serum-free media. In other experiments, 
NSC34 cells were replaced with the CM from NHA immunoprecipitated of GPNMB. 
Assessment of cell viability was performed using two methods. The first method was a 
single-cell digital imaging-based method employing fluorescent staining of nuclei. 
Cell death was assessed on the basis of combination staining with fluorescent dyes 
[namely, Hoechst 33342 and propidium iodide (Invitrogen)], observations being 
made using an OLYMPUS 1X70 inverted epifluorescence microscope (Olympus, 
Tokyo, Japan). In a blind manner, a total of at least 200 cells per condition were 
counted using image-processing software (Image- J ver. 1.33f; National Institutes of 
Health, USA). As the second method for measuring cell viability, cell metabolic 
activity was quantitatively assessed. Cell viability was assessed following immersion in 
10% WST-8 solution (Cell Counting Kit-8; Dojin Kagaku, Kumamoto, Japan) for 2 h 
at 37 "C, and absorbance was recorded at 450 nm. This absorbance is expressed as a 
percentage of that in control cells, after subtraction of background absorbance. 
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Enzyme-linked immunosorbent assay. The culture media of NHA transfected with 
Myc-tagged Mock, SODl^, or SODl G93A for 5 days or human serum samples were 
subjected to enzyme-linked immunosorbent assay (ELISA). ELISA for human 
osteoactivin/GPNMB (DY2550; R&D Systems) was carried out according to the 
manufacture's recommendations. The absorbance was measured at 450 nm using 
VARIOSKAN FLASH (Thermo). 
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